Introduction {#sec1}
============

Allergic rhinoconjunctivitis is a Type I allergic disease caused by common allergens such as pollen, mold spores, animal hair and dust mite residue. Seasonal allergic rhinoconjunctivitis (SAR) is most commonly triggered by allergy to pollen from trees, grasses or weeds, while perennial allergic rhinoconjunctivitis is associated with allergy to dust mite residue, mold spores or animal dander.[@bib1]

Specific immunotherapy (SIT) with Grass MATA MPL combines broad spectrum modified grass allergens adsorbed on the depot adjuvant system microcrystalline tyrosine (MCT) in combination with Monophosphoryl Lipid A (MPL), offering a short course form of treatment for IgE-mediated SAR.[@bib2]^,^[@bib3] The efficacy and safety of Grass MATA MPL, which is based on a cumulative dose of 5100 SU, has previously been reported in a Phase III clinical trials[@bib2]^,^[@bib4] and is recommended grade 1A according to EAACI guidelines.[@bib5] There is increasing evidence that indicates the efficacy of allergen-specific immunotherapy correlates with the total cumulative dose of allergen or allergoid administered during a course of subcutaneous injections or sublingual administration.[@bib6], [@bib7], [@bib8], [@bib9] As such, a new seven-fold increase in cumulative dose (35600 SU) of Grass MATA MPL was a subject of further evaluation as part of Phase II clinical development.[@bib10]

Grass MATA MPL formulation is based on the chemical modification of 13 grass pollens (Grass family *Poaceae*) with glutaraldehyde, resulting in a reduction in allergenicity due to disruption of conformational IgE-binding epitopes but maintenance of immunogenicity, which has been demonstrated in a recent proof-of-principle study of the formulation.[@bib11] Grass allergoids are adsorbed onto the depot adjuvant -- MCT, which allows slow release of antigen at the injection site for extended immune exposure and stimulus of immune deviation towards the Th1 cellular pathway and the induction of allergen-specific IgG~4~.[@bib12] The biodegradable nature of MCT limits formation of granulomas at the injection site and has been shown to exhibit a 48 hour half-life, which makes it a suitable candidate depot for a short course therapy.[@bib13]^,^[@bib14]

MPL is a second-generation adjuvant/immunomodulator, which is derived from *Salmonella minnesota* 595 using acid and base hydrolysis of lipid A. The predominant species created by this process is 3-*O*-deacyl-4-monophosphoryl lipid A with a main characteristic of substantially reduced toxicity in comparison with native lipopolysaccharide (LPS).[@bib13]^,^[@bib14] As a result MPL has unique biological characteristics of combining attenuated pro-inflammatory activity with retained immunomodulatory properties and therefore is used as immunoadjuvant to enhance efficacy of the grass allergoid vaccine via TLR-4 signalling pathway.[@bib15]^,^[@bib16]

Several studies have shown therapeutic potential and a favorable safety profile of Grass MATA MPL[@bib2]^,^[@bib3]^,^[@bib15]^,^[@bib17]^,^[@bib18] with the most recent Phase II dose finding study based on higher cumulative dose of 35600 SU.[@bib10] It is stipulated that clinical improvement as a result of SIT is accompanied by suppression of Th2 immunity, an increase in allergen-specific IgG~4~ and inhibition of IgE, a predominant Th1 response with increased IFNγ production and induction of iTregs with secretion of anti-inflammatory cytokines -- TGFß and IL-10.[@bib19], [@bib20], [@bib21] However, the exact or dominant underlying immune mechanisms implicating immunotherapy with Grass MATA MPL is a topic of active research. Understanding immunological mechanisms, which underlie induction and persistence of tolerance, will help to identify potential biomarkers that could predict therapeutic efficacy of allergen specific immunotherapy. Candidate biomarkers will be an essential tool in the diagnosis and classification of patients based on disease severity and prognosis as well as improving the safety profile by reducing likelihood of side-effects and adverse reactions. Identified biomarkers could improve the efficacy of SIT by targeting patients, who are most likely to respond to treatment. It may also help to reduce the population size required for clinical trials and guide development of treatment modalities to induce long-lasting protection after completion of a vaccination regime.[@bib22]

In this current study, the tolerability and safety profile of a cumulative dose regimen of 35600 SU Grass MATA MPL for subcutaneous immunotherapy was evaluated in adults with seasonal allergic rhinoconjunctivitis associated with grass pollen. Assessment of gene expression profiles from clinical subjects one-week post-treatment allowed to infer early-phase immunological responses induced by Grass MATA MPL (35600 SU) immunotherapy.

Methods {#sec2}
=======

The study was a randomized, single-blind, placebo-controlled Phase I Grass Study ([ClinicalTrials.gov](http://ClinicalTrials.gov){#intref0010} registration no. NCT 03931993) that was conducted at 4 study centers in the USA outside the grass pollen season. The study was conducted in accordance with the ethical principles that have their origin in the Declaration of Helsinki and the International Conference on Harmonization (ICH) guideline E6: Good Clinical Practice (GCP). Written informed consent was obtained from all subjects and the protocol was approved by the relevant ethics and regulatory authorities.

Subject population {#sec2.1}
------------------

Male and female subjects (aged 18--50 years) with a history of moderate to severe seasonal allergic rhinitis and/or conjunctivitis (SAR) due to grass (*Pooideae*) pollen exposure that required repeated use of antihistamines, nasal steroids, and/or leukotriene modifiers for relief of symptoms during the last 2 consecutive seasons prior to the study were eligible. All subjects had a positive case history for grass (*Pooideae*) pollen induced SAR, positive skin prick test for grass pollen allergen (wheal diameter ≥ 5 mm) and positive class of ≥2 grass-specific IgE level (\>0.70 kU/L) to grass pollen mix defined by ImmunoCAP test (Phadia).

Main exclusion criteria were moderate to severe allergy symptoms during screening and treatment periods caused by perennial allergens or seasonal allergens as verified by medical history and positive SPT, presence of moderate to severe asthma, history of immunological disorders, presence of non-atopic rhinitis and/or rhino-sinusitis, presence of any skin conditions that might interfere with the interpretation of the SPT results, or any other conditions that could have affected the subject\'s safety or compromise the interpretation of results.

Study materials {#sec2.2}
---------------

Grass MATA MPL allergoid of 13 grass pollens (*Pooideae*) (900, 2700, 8000 standardized units \[SU\] and 50 μg of MPL/1.0 mL) adsorbed onto L-tyrosine (2% w/v) and 0.5% phenol.

*Placebo vehicle:* 2% w/v L-tyrosine, 0.5% phenol.

Active and placebo formulations were manufactured at Allergy Therapeutics (UK) Ltd, Worthing, UK.

Study design {#sec2.3}
------------

Subjects were randomly assigned on a 1:1 ratio to receive either 6 1.0 mL injections of cumulative dose regimen 35600 SU of subcutaneous immunotherapy -- Grass MATA MPL or placebo.

The study consisted of 3 periods: screening, randomization and treatment and post-treatment safety follow-up -- End of Study ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1**Study design.** Study consisted of three periods: screening, randomization and treatment, end of study (EoS) with subjects randomization on 1:1 ratio to receive Grass MATA MPL or placeboFig. 1

Period 1 included the screening visit (Visit 1) to assess the patients' eligibility for the study and blood samples were taken for clinical safety laboratory assessments and for the baseline assessment for gene expression analysis. Eligible patients proceeded to Period 2 for enrolment and were randomly allocated to the Grass MATA MPL 35600 SU treatment group or placebo group to receive the first of the 6 weekly injections. Injections 2 to 6 were administered on a weekly basis (6--8 days between injections) at Visits 3 to 7. Period 3 (Visit 8 -- End of Study) was conducted 6--8 days after Visit 7 to review any adverse events and to perform end-of-treatment assessments, which included blood sample collection for safety laboratory tests and for gene expression analysis.

Study objectives {#sec2.4}
----------------

The primary objective of this study was to assess the tolerability and safety of a new cumulative dose for Grass MATA MPL 35600 SU for subcutaneous immunotherapy compared with placebo. An exploratory objective of the study was focused on transcriptome analysis of peripheral blood mononuclear cells (PBMCs) in order to evaluate the effect of subcutaneous immunotherapy with Grass MATA MPL on innate and adaptive immune mechanisms during an early-phase clinical response.

Safety assessments {#sec2.5}
------------------

Primary safety evaluation included number and frequency of adverse events (AE) that started within the time period from the first injection of study medication up to and including Visit 8 or early termination visit, if applicable. In addition, monitoring of changes in vital sign parameters and changes in routine clinical laboratory parameters (serum chemistry, hematology, urinalysis) were assessed. For asthmatic subjects changes in Peak Expiratory Flow Rate before and after injections were monitored.

Transcriptome analysis {#sec2.6}
----------------------

Transcriptome analysis was performed using RT^2^ Profiler PCR Arrays technology (Qiagen, USA) to allow simultaneous multi-gene expression profiling in clinical samples. Blood samples were collected at screening Visit 1 (baseline) and at Visit 8. Total RNA purification was measured on an automated QIAcube system (Qiagen) using PAXgene Blood RNA kit IVD (Qiagen, Frederick, USA). RNA quality and concentration was determined by using a nanodrop spectrophotometer to measure the concentration and OD260/280 ratio of the samples. An OD260/280 ratio of between 1.8 to 2.0 and RNA concentration \>40 μg/mL were used for high quality isolated RNA. RNA integrity was assessed using an RNA ScreenTape on Agilent TapeStation 2200 (Agilent Technologies).

The first strand cDNA synthesis was performed using QIAGEN RT^2^ First Strand Kit (Qiagen, USA). RT^2^ Profiler PCR Array gene expression analysis was performed by RT^2^ Profiler PCR Array Service (Qiagen, Frederick, USA) using RT^2^ SYBR® Green qPCR Mastermix and Custom RT^2^ Profiler PCR Array (Qiagen, CLAH24893).

Statistical methods {#sec2.7}
-------------------

The safety statistics comprised the safety population, which included all patients, who received any dose of study drug, grouped according to the treatment they received.

Summary statistics were provided for the following metric variables: number of subjects with data available, arithmetic mean, standard deviation, median, minimum, maximum and 95% confidence intervals. Categorical data were summarized with frequency and percentage (%). The percentage of subjects with events was compared between treatment groups applying Fisher\'s exact test in a descriptive way. In addition, 95% confidence intervals for the difference in percentage for types of AEs were presented as well as the odds ratio and the corresponding 95% confidence intervals.

Delta Delta Ct method analysis of RT^2^ Profiler PCR Array gene expression results was used to obtain an overview of gene expression changes before the start of immunotherapy and one week after completion of the treatment. Genes with the absolute value of log~2~ fold change greater than ±1.1 and p-value less than 0.05 were identified as differentially expressed and underwent IPA data analysis (v. 01--12) (Ingenuity Systems Inc., CA): Venn diagram comparison, Canonical Pathway Analysis and Upstream Regulator Analysis.

Results {#sec3}
=======

Demographics and baseline characteristics {#sec3.1}
-----------------------------------------

A total of 53 patients were enrolled and screened, of which 30 patients were randomized to receive study medication: 14 received 35600 SU Grass MATA MPL and 16 received placebo ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2**Flow diagram for subjects disposition.** All subjects from placebo group completed treatment. Four subjects from 35600 SU Grass MATA MPL group terminated prematurelyFig. 2

A total of 26 subjects (86.7%) received the full course of therapy (six injections): 16 (100%) from the placebo group and 10 (71.4%) from 35600 SU Grass MATA MPL group. Four subjects in the 35600 SU group received less than 6 injections, with 3 of the subjects missing injection 6 due to premature study termination (adverse event, a missed dose and weather conditions respectively) and 1 subject missing last 2 injections due to family emergency and pregnancy.

The 2 treatment groups were comparable with respect to most demographic variables with an average age (mean ± SD) 32.1 ± 9.56 years old, body mass index (mean ± SD) 29.22 ± 6.82 kg/m^2^ and duration of the disease 14.90 ± 10.41. An average age of the subjects from the placebo group was younger than those in the 35600 SU treatment group (median age 26.0 vs. 35.5 years), which have influenced the duration of the disease ([Table 1](#tbl1){ref-type="table"}). The differences in the baseline values for the age and disease duration parameters had no influence on the outcome of the safety statistics. Both treatment groups satisfied the requirements for the planned sample size in the safety set.Table 1Demographics and Baseline characteristics (n = 30)Table 1Total (N = 30)35600 SU (N = 14)Placebo (N = 16)n (%)n (%)n (%)**Gender \[n (%)\]** Female16 (53.3%)7 (50.0%)9 (56.3%) Male14 (46.7%)7 (50.0%)7 (43.8%)**Age \[y\]** Mean (SD)32.1 (9.56)37.1 (9.37)27.8 (7.52) Median28.535.526.0 Range18--4923--4918--46**Race \[n(%)\]** Black or African American3 (10.0%)1 (7.1%)2 (12.5%) White27 (90.0%)13 (92.9%)14 (87.5%)**Ethnicity \[n(%)\]** Hispanic or Latino8 (26.7%)2 (14.3%)6 (37.5%) Not Hispanic or Latino22 (73.3%)12 (85.7%)10 (62.5%)**Body mass index at screening \[kg/m**^**2**^**\]** Mean (SD)29.22 (6.82)30.44 (6.93)28.15 (6.75) Median28.6229.0126.69 Range15.8--47.422.7--47.415.8--40.3**Duration of grass pollen allergy \[years\]** Mean (SD)14.90 (10.41)19.74 (12.85)10.67 (5.05) Median11.6020.258.60 Range2.6--41.82.6--41.83.8--23.9

Safety profile {#sec3.2}
--------------

Overall, summary statistics for treatment emergent adverse events (TEAE) and adverse drug reactions (ADR) is reported in [Table 2](#tbl2){ref-type="table"}. In total, 85.7% (12/14) of subjects in 35600 SU group and 25% (4/16) subjects in placebo group had at least 1 TEAE. The majority of TEAEs were local after injection of study drug and most patients experienced only mild TEAEs: 10 out of 12 in the 35600 SU group and 3 out of 4 in the placebo group. One patient had a severe injection site swelling related to treatment, which resulted in subject withdrawal from the 35600 SU group. Two patients with non-mild TEAE experienced moderate injection site pain and swelling related to study drug (35600 SU group). None of the TEAEs were classified as serious.Table 2Summary statistics of adverse events and adverse drug reactions.Table 235600 SU (N = 14)Placebo (N = 16)n (%)Ev.n(%)Ev.Any TEAE12 (85.7%)554 (25.0%)10Any ADR11 (78.6%)532 (12.5%)5Any severe TEAE1 (7.1%)10 (0.0%)0Any severe ADR1 (7.1%)10 (0.0%)0Any serious AE0 (0.0%)00 (0.0%)0Any non-serious treatment emergent AE12 (85.7%)554 (25.0%)10Any AE leading to study drug discontinuation1 (7.1%)10 (0.0%)0Any ADR leading to study drug discontinuation1 (7.1%)10 (0.0%)0Any TEAE leading to premature discontinuation from study1 (7.1%)10 (0.0%)0Any local AE9 (64.3%)491 (6.3%)3Any local AE within 24 h of injection9 (64.3%)431 (6.3%)3Any local AE \> 24 h of injection1 (7.1%)60 (0.0%)0Any systemic AE1 (7.1%)11 (6.3%)2Any systemic AE within 24 h of injection1 (7.1%)11 (6.3%)2[^1]

Treatment-emergent ADRs were reported in 11 subjects (78.6%, 53 ADRs) in the 35600 SU group and in 2 subjects (12.5%, 5 ADRs) of the placebo group. None of the ADRs were classified as serious. No deaths, serious TEAEs and TEADRs, neuro-inflammatory or new onset autoimmune disease were reported during the treatment period of the study. Systemic AEs occurred in 1 subject in the 35,600 SU group (mild allergic rhinitis) and in 1 subject in the placebo group (mild nasal congestion and mild throat irritation).

Immunotherapy-induced molecular mechanisms {#sec3.3}
------------------------------------------

Gene expression analysis of a panel of disease and pathway-focused molecular markers was conducted using Peripheral Blood Mononuclear cells (PBMCs) to explore the underlying immunological mechanisms related to the treatment with 35600 SU Grass MATA MPL. Transcriptome profiling of 179 genes 1 week post-treatment in comparison to baseline expression levels at the screening visit identified 99 genes where expression level exhibited statistical significance (p \< 0.05, fold-change greater than ±1.1). A tertiary analysis using Ingenuity Pathway Analysis (IPA) mapped differentially expressed genes from the study data set onto canonical pathways and enabled prediction of upstream molecular regulators.

### Selection strategy of differentially expressed genes associated with grass MATA MPL immunotherapy {#sec3.3.1}

The causal analysis approach based on the Ingenuity Knowledge Database -- a structured collection of gene functions sourced from the biomedical research publications[@bib23] - was used to analyze differentially expressed genes from the dataset. Causal analytics algorithms were implemented via the IPA software program. A Venn diagram was used for a stepwise selection of differentially expressed genes from the active treatment group ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3**Venn diagram. A (35600 SU group)** −14 subjects with seasonal allergic rhinoconjunctivitis. **B (Placebo group)** −16 subjects with seasonal allergic rhinoconjunctivitis (SAR)Fig. 3

From the 99 differentially expressed genes in both groups of subjects, 49 genes were putatively regulated by the mechanism of action of Grass MATA MPL.

### Differentially expressed genes modulated in response to grass MATA MPL immunotherapy {#sec3.3.2}

A panel of 49 differentially expressed genes, which were associated with the mode of action of Grass MATA MPL immunotherapy, included key markers from the innate and adaptive immune response associated with an early stage of immune tolerance induction against the grass allergens: effector molecules, Th1/Th2 cellular markers and signature cytokines, T regulatory markers ([Supplemental Table 1](#appsec1){ref-type="sec"}). The fold-change values for differentially expressed genes ranged between 1.87 and −1.07, which indicated changes to mRNA expression level following Grass MATA MPL immunotherapy.

Several differentially expressed genes associated with changes in expression levels of cytokines/chemokines and cellular markers correlated with potential biomarkers for AIT, which were suggested by the EAACI Immunotherapy Interest Group.[@bib21] In particular, changes in expression level of such cytokines/chemokines as CCL2, IL2, IL3, IL12, TNF, IL18, IL9, IL4, IL5, IL27 ([Supplemental Table 1](#appsec1){ref-type="sec"}) corresponded to the potential immunotherapy biomarkers from the Cytokines and Chemokines domain.[@bib21] Upregulation of FOXP3 alongside other transcription factors and nuclear receptors (NR4A3, NR4A1, STAT5A, RUNX1), which are required for induction and activation of Treg cells, correlated with prospective biomarkers from the Cellular Biomarkers domain.[@bib21]

Canonical pathway analysis using IPA was employed to determine the functional relationship between differentially expressed genes from the 35600 SU group. The top 10 significantly enriched canonical pathways are presented in [Fig. 4](#fig4){ref-type="fig"}. The most enriched categories of canonical pathways included cytokine signalling (P = 1.91 × 10^−28^, 15 molecules), Th1 and Th2 activation pathway (P = 1.35 × 10^−21^, 16 molecules), T helper cell differentiation (P = 8.17 × 10^−20^, 12 molecules) and agranulocyte adhesion and diapedesis (P = 4.76 × 10^−20^, 15 molecules).Fig. 4**Canonical pathways enriched in 35600 SU subjects group one week post-treatment.** A total of 49 genes associated with Grass MATA MPL mode of action were mapped onto canonical pathway using IPA. The stacked bars indicate overlap of the significantly expressed dataset genes with the canonical pathway. The yellow threshold indicates 95% CI.Fig. 4

It can be seen from the clustergram ([Fig. 5](#fig5){ref-type="fig"}) that these pathways were most significantly enriched in the active 35,600 SU group in comparison with placebo. Some of the upregulated canonical pathways are most likely the result of the specific mode of action of immunotherapy.Fig. 5**Hierarchical clustering heat map of the most significantly enriched pathways in 35600 SU group versus placebo one week post-treatment.** Two clusters of co-regulated canonical pathways are displayed based on -log (p-value)\>1.3: TLR signalling and Th1 pathways co-regulated with IL-10/TGFβ pathways, innate and adaptive immune responses co-regulated with T helper cells differentiation and proliferationFig. 5

### Upstream regulator analysis of T helper cells differentiation {#sec3.3.3}

A significantly enriched canonical pathway of interest, associated with the gene dataset, was related to T cell differentiation (P = 8.17 × 10^−20^, 12 molecules). Based on the data set, Th0 cells upon allergen stimulation via antigen-MHCII complex on the surface of antigen presenting cells (APC) undergo further differentiation and polarization towards Th1 (IFNγ, IL-12), Th2 (IL-4, IL-5, IL-13) or Treg (IL-10, TGFβ) ([Fig. 6](#fig6){ref-type="fig"}).Fig. 6**T-helper cells differentiation canonical pathway.** Each subset of T cells is defined as lineage, which express selective signature cytokines and transcription factors. IPA analysis identified upregulation of IL-12 and IL-18 Th1 signature cytokines, which induce Th1 differentiation pathway; upregulated Th2 related genes IL-4, IL-5 and IL-13 can activate Th2 differentiation pathway; T regulatory cell differentiation is modulated by upregulated IL-2 and FOXP3 transcription factorFig. 6

Upstream Regulator Analysis (URA) was used to identify the molecules upstream of the differentially expressed genes that had a high probability to cause the observed gene expression changes. Two functions - an overlap P-value measuring enrichment of network-regulated genes in the dataset and an activation Z-score were employed in URA. Z-score measured a statistically significant pattern match between the observed gene expression changes and the predicted pattern derived from prior knowledge.[@bib23]

URA predicted several activated upstream regulators of T helper cell differentiation: IL-10 (P = 1.29 × 10^−35^), IL-4 (P = 1.89 × 10^−32^), TNF (P = 4.23 × 10^−29^), Lipopolysaccharide (P = 1.24 × 10^−26^), IL-27 (P = 3.33 × 10^−26^), IFNγ (P = 1.77 × 10^−24^), TGFβ (P = 3.73 × 10^−18^) and TLR4 (P = 4.07 × 10^−23^) ([Fig. 7](#fig7){ref-type="fig"}).Fig. 7**Hierarchical clustering heat map of the top predicted upstream regulators.** The upstream regulators for T helper cell differentiation in the treated group were differentially expressed compared with placebo group based on the -log (p value). The p value calculated using the Fisher exact testFig. 7

Discussion {#sec4}
==========

One of the novel immunotherapeutic approaches, which has shown a significantly improved risk/benefit profile in clinical trials, is an adjuvant system-based allergoid vaccine.[@bib2]^,^[@bib3] This clinical study has, for the first time, demonstrated an acceptable safety and tolerability profile for a high cumulative dose regimen of 35600 SU Grass MATA MPL vaccine for subcutaneous immunotherapy in adults with SAR. Increasing total cumulative dose approximately 7-fold to 35600 SU was safe and well tolerated. Local AEs such as injection site pain and site swelling were usually only of mild severity and resolved spontaneously without further treatment. No relevant changes of the clinical chemistry and hematology parameters between the screening visit and Visit 8/EoS were observed. For all vital sign parameters, the mean values were within normal ranges at all visits and individual measurements did not cause any alert.

Therapeutic efficacy of Grass MATA MPL immunotherapy has been indicated in several clinical studies and investigations to date,[@bib2]^,^[@bib3]^,^[@bib17]^,^[@bib18] including recently completed Phase II dose finding study clinical trial.[@bib10] However, gene expression analysis following immunotherapy with Grass MATA MPL has not been previously explored. Transcriptome analysis of PBMCs from both groups of subjects was conducted one week post-treatment to identify immunological changes, which take place during the early phase of SIT. Ingenuity Pathway Analysis (IPA) - which allows us to determine differentially expressed genes and link individual genes to biological networks and pathways in order to build mechanistic models - identified 49 genes regulated by Grass MATA MPL immunotherapy. This set of genes appears to reflect early immunological changes observed in PBMCs after immunotherapy with Grass MATA MPL.

From the interrogated gene dataset there were a number of significantly upregulated molecules associated with innate and adaptive immune responses due to the presence and activation of eosinophils, basophils, mast cells, dendritic cells and T-helper lymphocytes ([Supplementary Table 1](#appsec1){ref-type="sec"}).[@bib24]^,^[@bib25] Increase of Th1 cytokines and chemokines such as eotaxin, IL-12, IL-27, IL-18 and TNF-α suggest early signs of immunodeviation from a Th2 type towards a Th1 type of immune response and correlates with similar findings from experimental *in vitro* studies using MPL.[@bib26]^,^[@bib27]

Canonical pathway analysis identified T-helper cell differentiation as one of the top significantly enriched canonical pathways with twelve molecules from the 49 gene dataset being upregulated ([Fig. 4](#fig4){ref-type="fig"}). A postulated immunological mechanism of successful immunotherapy is the formation of a long-term clinical tolerance based on shift of Th2 cellular response towards Th1 response and up-regulation of allergen-specific T regulatory cells.[@bib21] Differentiation of naïve CD4^+^ T helper cells (Th0) towards a specific T cell subset will depend on polarization cytokine milieu and signals from the antigen presenting cells.[@bib28] In this study it was shown that during the early phase of immunotherapy with Grass MATA MPL, polarization of cytokines towards a Th1 response (IL-12, IL-18, IL-27) co-existed with the polarization of the cytokine repertoire towards a Th2 (IL-4) and Treg (IL-2, IL-27) responses, based on a canonical pathway ([Fig. 6](#fig6){ref-type="fig"}) and upstream regulator analysis ([Fig. 7](#fig7){ref-type="fig"}).

It has been previously reported that during the early stages of allergen immunotherapy innate mechanisms in the form of dendritic cells (DCs) orchestrate cellular adaptive immune responses and T cell differentiation, thus predicting the clinical outcome of immunotherapy.[@bib29], [@bib30], [@bib31] Polarization and differentiation of T cells will depend on the type of DCs circulating in peripheral blood. DC1s will drive differentiation of Th1 cells, DC2s will promote pro-allergic Th2 response and DCreg will induce Treg differentiation ([Table 3](#tbl3){ref-type="table"}).[@bib21]Table 3Naïve CD4^+^ T cells polarization and differentiationTable 3T cells subtype (transcription factor)Effector cytokinesPolarization milieuDendritic cells subtypeTh1 (Tbet)IFN-γ, IL-2, TNF-αIL-12, IFN-γ, IL-18, IL-27Type 1 DC (DC1s)Th2 (GATA3)IL-4, IL-5, IL-13IL-4Type 2 DC (DC2s)Tregs (FOXP3)IL-10, TGF-βIL-2, TGF-β, IL-27Regulatory DC (DCreg)

Recently, specific molecular markers were identified for certain subsets of polarized DCs: DC2s associated markers -- CD141, GATA3 and OX40 ligand, DCreg associated markers -- C1Q and Stabilin-1.[@bib29]^,^[@bib30] Based on these molecular markers a study conducted among grass pollen allergic patients, who received 4 months SLIT, has shown upregulation of DCreg subtype in peripheral blood using quantitative PCR. It has correlated with improvement in rhinoconjunctivitis symptoms and was used to distinguish clinical responders from non-responders.[@bib29]^,^[@bib30]

Due to the evaluation of a single post-treatment time point analysis, the present study has not been able to show a distinct DC subtype molecular signature at gene expression level in PBMCs, which could predict differentiation of T cells towards a specific cell subset and clinical response. However, based on significantly upregulated level of IL-27 ([Supplemental Table 1](#appsec1){ref-type="sec"}), it is plausible to suggest that DCreg cell subtypes were present in peripheral blood of subjects, who received 35600 SU of Grass MATA MPL. The main source of IL-27 synthesis are tolerogenic regulatory dendritic cells (DCregs), which express C1Q and Stabilin-1 cellular biomarkers.[@bib31] It was shown previously that IL-27 is the main factor, which induces iTreg cells and promotes their differentiation towards IL-10 producing iTreg alongside with TGFâ. Furthermore, IL-27 initiates T cell proliferation and differentiation towards Th1 subtype via STAT1 dependant T-bet transcription factor. It also inhibits clonal expansion and activation of pathogenic pro-allergic Th2 cell subset via decreased expression of GATA3 transcription factor.[@bib32] Thus, the subtype of DCs identified by use of quantitative PCR on PBMCs could become a potential biomarker of successful immunotherapy and be used to separate clinical responders and non-responders.

Profiling and monitoring the level of specific cytokines/chemokines associated with the specific T cells subsets would allow a greater understanding of the underlying immunological mechanisms following immunotherapy with Grass MATA MPL. Clinical efficacy of this immunotherapy may depend on induction of inducible Treg cell subset (iTregs) with increased level of regulatory cytokines -- IL-10 and TGFβ.[@bib33]^,^[@bib34] IPA gene expression analysis identified IL-10 and TGFβ canonical pathways significantly enriched from the gene dataset ([Fig. 4](#fig4){ref-type="fig"}). Furthermore, using Upstream Regulator Analysis, both regulatory cytokines were identified as predicted molecular drivers based on the observed immunological changes ([Fig. 7](#fig7){ref-type="fig"}).

As a standard approach in clinical practice, profiling changes in serum level of cytokines/chemokines is done via multiplex analysis with Meso Scale Discovery and Luminex platforms.[@bib32] However, the changes in serum cytokines/chemokines do not correlate with clinical outcome partially due to heterogeneous cell population in peripheral blood.[@bib21] Recently it is being reported that measurements of local cytokine levels in nasal fluid may provide a more sensitive approach.[@bib35]^,^[@bib36] Despite these positive data the use of serum or local cytokines and chemokines as predictive biomarkers remains a topic of active research.

An alternative approach of cytokine/chemokine measurements at gene expression level (mRNA) could offer an advantage of the technological platform with high sensitivity and specificity and would allow to detect changes prior they will become evident at the protein level in serum or nasal fluid.

It is important to emphasize the significance of TLR-4 being identified as a predicted upstream regulator ([Fig. 7](#fig7){ref-type="fig"}). Currently no direct evidence exists between MPL immunomodulatory function and iTreg induction. However, taking into account a necessity of TGFß presence as a transcription factor for FoxP3 induction[@bib37]^,^[@bib38] and high level of TGFß following MPL stimulation, one might suggest a possible link between MPL mechanism of action and iTreg induction, which is supported by upregulated level of FoxP3 in the current study ([Supplemental Table 1](#appsec1){ref-type="sec"}). Further research is required to unravel the immunomodulatory potential of MPL-containing allergoid vaccines and their mode of action. However, the data presented herein provides a first step toward this, which will be taken into a larger-scale field study to verify and to explore gene-expression profiles combined with serum analysis to elucidate further mode-of-action of short-course pre-seasonal MPL adjuvanted SCIT.

Conclusion {#sec5}
==========

In summary, the safety and tolerability profile of the 35600 SU dose regimen of Grass MATA MPL vaccine was found to be acceptable for further dose-finding study in Phase II clinical trials, which has been recently completed and the cumulative dose regimen of 35600 SU has been found to be optimal for future Phase III clinical study.[@bib10] Transcriptome analysis of PBMCs using the IPA algorithm approach identified 49 genes related to an early phase response during SIT, which were linked to T helper cell differentiation and cytokine signalling. Upstream Regulator Analysis predicted that IL-27, IL-10, IL-4, TNF, IFNγ, TGFβ and TLR4 were the main molecular drivers of observed gene expression changes following early stages of SIT with Grass MATA MPL immunotherapy. These markers will be further verified in extended larger scale field studies in order to explore their potential as predictive markers of successful immunotherapy.
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[^1]: Ev. = number of adverse events in corresponding class and treatment group; TEAE = treatment emergent adverse event; n = number of subjects with AE = adverse event; ADR = adverse drug reaction
